A Monte Carlo simulation for the micellization of ABA-and BAB-type triblock copolymers in a selective solvent. II. Effects of the block composition J. Chem. Phys. 117, 8565 (2002) We employ Monte Carlo simulation to examine encapsulation in a system comprising Janus oblate spheroids and isotropic spheres. More specifically, the impact of variations in temperature, particle size, inter-particle interaction range, and strength is examined for a system in which the spheroids act as the encapsulating agents and the spheres as the encapsulated guests. In this picture, particle interactions are described by a quasi-square-well patch model. This study highlights the environmental adaptation and selectivity of the encapsulation system to changes in temperature and guest particle size, respectively. Moreover, we identify an important range in parameter space where encapsulation is favored, as summarized by an encapsulation map. Finally, we discuss the generalization of our results to systems having a wide range of particle geometries. C 2015 AIP Publishing LLC.
INTRODUCTION
Microencapsulation technology is a scientifically intriguing and technologically important topic of current research. [1] [2] [3] In general, microencapsulation can be used to protect the guest object being encapsulated from the outside environment and, hence, increase the stability and lifetime of the guest. Moreover, microencapsulation can be employed to control the rate of release of the guest substance. As a result, the capsule systems produced at the micro-/nano-meter scale have broad applications in various fields, such as pharmaceuticals, 1, 4 materials science, 5, 6 and the chemical 2, 7 and food industries. 3, 8, 9 For instance, the micron capsule functioning as carriers in drug delivery systems can be used not only to overcome the transport problems of the drugs (such as limited water solubility, stability, and high systemic toxicity) 4, 10 but also to achieve targeted drug delivery. [10] [11] [12] Moreover, the ability to develop controlled-release delivery makes the capsule system an ideal choice for applications in drug therapy. 13, 14 A range of approaches to achieve encapsulation has been proposed and implemented in recent years. 1, [14] [15] [16] [17] [18] Among these approaches, those that promote self-assembly into capsules under a specific set of conditions constitute an important class of encapsulation strategies. These self-assembling systems mainly consist of amphiphilic molecules and macromolecules, such as lipids and amphiphilic block copolymers. 11, 14, 16 The size of the liposomes or vesicles formed in these systems spans from tens of nanometers to a few microns. This provides a versatile platform for smart materials, for which the release or uptake of their payload is controlled upon introducing external stimuli, such as a change in temperature, pH, and oxidation/reduction. 13, 19 Nowadays, due to recent advances in particle synthesis, a new type of amphiphilic particle, the a) Author to whom correspondence should be addressed. Electronic mail:
wel208@mrl.ucsb.edu so-called Janus particle, has been broadly produced. [20] [21] [22] Janus particles are colloidal particles whose two hemi-surfaces are coded differently in their chemical or physical properties. A series of experimental and numerical investigations has been performed to investigate the nature of the Janus particles selfassembly. [23] [24] [25] [26] [27] [28] [29] [30] [31] Moreover, the micelle and vesicle structures formed by different Janus particles have been studied. 24, [26] [27] [28] [29] [30] In a previous report, 32 we proposed a new encapsulation system, consisting of Janus oblate spheroids and isotropic spheres, in which the spheroids act as the encapsulating agents and the spheres as encapsulated guests. As in the case of self-assembling lipids and block copolymers described above, the ability to form shells by self-assembly makes the Janus spheroid a good candidate for an encapsulating agent. Given the length scales involved, one can envision encapsulation length scales on the order of microns. Moreover, the voids created in the Janus spheroidal shells by packing have the potential to make the capsules porous, a desirable feature for mesoporous/macroporous materials which have a wide range of applications, such as in catalysis and controlled drug delivery systems. 33 In an initial study at given simulation conditions, we found that for a specific guest sphere whose diameter equals the major axis length of the spheroids, the encapsulation by the Janus spheroids is highly efficient. This is particularly true for an aspect ratio equal to 0.6.
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In this article, we continue our study of this new proposed encapsulation system and further investigate the associated thermodynamics of self-assembly. The phase diagram of this blended system remains unknown, and our main focus is on the encapsulation properties. Hence, for simplicity, we limit ourselves to a narrow range of simulation conditions, i.e., to the low-temperature and low-density regime. Furthermore, the system has more spheroids than spheres to ensure encapsulation sufficiency. In our investigation, we first vary the particle interaction range and the temperature to study the system's response and stability upon changing the environmental conditions. We then vary separately the size of the guest spheres and the strength of the agent-guest interaction to study the selectivity of the encapsulation with regard to different guest objects. Finally, we summarize our results in the form of an encapsulation map that highlights region in parameter space that favor encapsulation. This systematic study reveals some interesting aspects of the encapsulation behavior of the Janus spheroids.
MODEL AND SIMULATION METHOD
In this study, we utilize the same model for the encapsulation system as proposed in the earlier work. 32 In the system, the encapsulating agents are Janus spheroids and the encapsulated guests are isotropic spheres (as shown in Figs. 1(a) and 1(b) ). A Janus spheroid is defined as a hard-core spheroidal particle covered with a hemi-surface patch along its principal axis whose semi-diameter is σ ∥ . The two equal semi-diameters are denoted as σ ⊥ and the aspect ratio ε ≡ σ ∥ /σ ⊥ . We use a "quasi-square-well" patch model to describe the interaction between two objects, denoted by i and j, whose potential energy U i j = U(r i j ) f (r i j ,n i ,n j ).
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The angular-dependent part of this potential is given by
wherer i j is the unit vector along the center-to-center direction vector ⃗ r i j ≡ ⃗ r i − ⃗ r j andn i andn j are the patch orientation vectors. Note that the isotropic sphere is a special case for which the patch orientation is set to be opposite to the separation vector, so that the angular dependent criterion is always satisfied for the sphere. The separation-dependent potential U(r i j ) (Fig. 1(c) ) is given as
where the well depth u * equals u ee , u es , or u ss for spheroidspheroid, spheroid-sphere, or sphere-sphere interactions, respectively. In addition, w is the well width and σ 0 is the unit of length. The Heaviside step function H(σ i j + wσ 0 − r i j ) cuts off the interaction for a center-to-center distance greater than σ i j + wσ 0 . Consequently, this model describes two types of interactions, i.e., attraction between the hemi-surface patches and the spheres and a hard-core repulsion for the other contacts.
σ i j , the orientation-dependent range, is generated from a Gaussian overlap model of Berne and Pechukas. 35 In particular, the spheroidal Gaussian is defined by G(⃗ r)
, where ⃗ r is the three-dimensional position vector and the range matrix γ = (σ
In this last expression,n is the unit vector along the principal axis of σ ∥ and I is the unit matrix. In the overlap model, the interaction potential between two spheroids is a convolution of two Gaussians, which is written as
This potential can be expressed in the simple form
where ϵ(n i ,n j ) and σ(n i ,n j ,r i j ) are orientation-dependent strength and range parameters, respectively.
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By extending the mathematical development in the original paper (Ref. 35) , one can derive an explicit form for σ(n i ,n j ,r i j ), namely,
where
From this expression, one recovers the range parameters for two important special cases, namely, two identical spheroids (λ i = λ j ) and the case in which one or both of the particles is a sphere (λ i = 0 or λ i = λ j = 0). To match the hard-core nature of the interaction potential, we employ the simplification σ i j = √ 2σ(n i ,n j ,r i j ).
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Hence,
when two identical spheroids have their σ ⊥ axes heads on (r i j ·n i =r i j ·n j = 0), and likewise for the other cases. We note that the method used in this study to realize exactly the hard-core repulsion is through the determination of geometric overlapping conditions, which is described in Ref. 28 . We use standard Monte Carlo simulation in the NVT ensemble with periodic boundary conditions to investigate the encapsulation system. Notice that the system studied here is expected to be in the micelles-rich gas phase regime, in which the main clustering mechanism is through monomer addition while cluster-cluster aggregation is suppressed. [24] [25] [26] 31 Hence, the conventional Metropolis Monte Carlo scheme employing local particle moves is sufficient. 37 Nevertheless, for the system with a much higher particle density where hierarchical selfassembly becomes important, a more sophisticated geometric cluster algorithm must be applied to increase the efficiency in sampling phase space. In the simulation, for simplicity, we choose u ee = u ss = u 0 , where u 0 is the unit of energy. Furthermore, we set σ ⊥ = 0.5 and σ ∥ = 0.3 (ε = 0.6) for the encapsulating spheroids. As is customary, we report quantities in terms of reduced units. The simulation starts from a random initial monomer configuration. In each Monte Carlo step (MCS), a translation and then a rotation trial are tested given each particle's current position and orientation. The maximum step size for the trial in translation and rotation is set to be 0.02 and 0.04 for each direction and Euler angle, respectively. We track the equilibration of the system by monitoring the evolution of the potential energy for significant (typically 3 × 10 6 − 10 7 ) MCSs. We determined that the system is at (or close to) equilibrium once the potential energy curves level off and converge to approximately the same lowest plateau starting from different initial configurations. Thus, the total simulation time varies from case to case. The results are then collected and, to obtain good statistics, taken over at least ten runs inside the control groups.
RESULTS AND DISCUSSION
In encapsulation systems, the encapsulation is carried out by the co-assembly of the agents and guests. The relationship of the interactions between the same types and different types of particles is rather important. Specifically, in the dilute system studied here, the agent spheroids are in the micelle gas phase and the guest spheres in the vapor phase if considered separately. 25, 39 Therefore, there are two more important mechanisms in the self-assembly process, namely, the encapsulation of the spheres by spheroids and the micellization of the spheroids themselves. In this section, we present our results, focusing on the impact of both internal and external factors on these two mechanisms and, hence, the overall self-assembly behavior. Since the parameter space is rather large for the system, we focus on only four important factors to highlight possible approaches to control encapsulation. To study the effect of environmental conditions, we first consider two major factors, namely, the range of particle-particle interactions and the system temperature (or, equivalently, the interaction strength). We then consider the impact of guest particle size and affinity to the agent on encapsulation, respectively.
Effect of interaction range
The interaction range can be tuned in practice by modifying the physical conditions of the solvent if self-assembly occurs in solution. 25 In order to form isolated encapsulating clusters, controlling the confining shell and hence the behavior of the agents in the system is important. Therefore, we first examine a system comprising only the encapsulating agents, namely, Janus spheroids (ε = 0.6). We fix the system temperature at T = 0.25 and vary the well-width w of the pair potential, which changes the interaction range of the spheroids in the simulation. To study the role of w in determining cluster structure, we evaluate the distribution of the scalar product n 1 ·n 2 for all the pairs of bonded spheroidal particles at the end of the simulations. From previous studies, 25, 31 we learned that the critical micelle concentration of the Janus spheroids is below number density ρ e = 0.01 for w = 0.2 and is even lower for a larger w. A typical set of results with ρ e = 0.08 is presented in Fig. 2(a) . We note thatn 1 indicates that the patch orientation vectors of two particles are nearly parallel (antiparallel). From the figure, we find that there are two typical patterns for the distribution curves. For well widths in the range 0.2 ≤ w ≤ 0.4, the curves are bimodal while, for w = 0.5, the peak height near −1.0 is diminished, possibly implying a difference in cluster structure.
In Figs. 2(b) and 2(c), we show examples of typical clusters from runs with w = 0.2 and w = 0.5, respectively. These two clusters are of similar size and are both well rounded. To obtain further information about these structures, we plot the distance distribution for member particles of a cluster from their center of mass in Fig. 2(d) . As shown in the plot, for w = 0.2, the cluster is approximately a double-layer vesicle. The patches of its inner shell particles point outward to face the patches in the outer shell (hence, the inner shell's surface is mostly red in color from Fig. 2(b) ), which is quite similar to a liposome. Furthermore, the average distances for two shells to the center of mass are 0.98 ± 0.03 and 1.57 ± 0.10, respectively. Since σ ∥ = 0.3, this implies that the inner space of the first shell has a radius about 0.68, and that the two shells are barely touching as their separation is about 2σ ∥ .
By contrast, for the cluster having w = 0.5, the distribution of particles around its center of mass reveals that the cluster has a loose structure, and hence is rather "liquid-like." This is because, for large w, the attraction becomes sufficiently long-ranged so that there are more degenerate configurations with the same potential energy for the cluster. Thus, the particles need not remain in close proximity inside the cluster and thereby gain additional entropy. Consequently, there is enough space for cluster reorganization, with the result that there are more interacting pairs. Therefore, the number of face-to-face patch pairs is reduced for w = 0.5, leading to a reduction of the peak height close ton 1 ·n 2 = −1.0 in the orientational distribution curve. Thus, one can roughly classify the interaction range into two categories for Janus spheroids, namely, short-ranged (w < 0.5) and long-ranged (w ≥ 0.5).
Previous investigations were done for w = 0.5. 32 Here, without loss of generality, we fix the well-width to be w = 0.35, which has the typical distinctive peaks for the short-range interaction regime, for the remaining simulations in this study. Note that w also controls the range of agent-guest and guest-guest interactions in the encapsulation system. We find that such a change in well-width does not have a significant impact on the system's self-assembly and encapsulation behavior. More importantly, considering the encapsulation efficiency of spheroids, the associated monodisperse encapsulation in which each sphere is entrapped by a single-layer of Janus spheroids is desirable. Hence, the ability to form more regular shells also makes the short-range interaction favorable for this purpose.
Effect of system temperature
We use the second virial coefficient B 2 , a measure of the effective interaction strength between particles, to study the effect of temperature on the encapsulation system. 34 By definition,
Here, we employ a reduced B 2 , i.e., B * 2 ≡ B 2 /B hc 2 in the discussion, where B hc 2 is the hard-core second virial coefficient. For the encapsulation system, we focus on two types of interactions, the agent-guest (es) interaction and the agent-agent (ee) interaction, for which the corresponding strengths are set as u es = u ee = 1.0. We calculate B 2 via numerical integration of Eq. (7). To understand the general behavior of the B 2 associated with different particle geometries, we study B 2 over a wide range of parameter space. In Fig. 3 , we plot the B * 2 for the agentagent interaction for different aspect ratios at temperature T = 0.25 and 0.33, and a density map of B * 2 for the agent-guest interaction at temperature T = 0.33. We find that all the values of B * 2 are negative that the temperatures considered here are Fig. 3(a) , (B * 2 ) ee decreases as ε increases, following the same trend as in the previous findings for w = 0.5.
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As one would expect, the lower the temperature and the longer the interaction range, the greater the magnitude of B * 2 . For the agent-guest interaction (Fig. 3(b) ), in general for a fixed ε, the smaller the sphere, the greater the magnitude of B *
.
Next, we plot the ratio (B * 2 ) es /(B * 2 ) ee as a function of the spheroid aspect ratio ε and sphere radius r at temperatures T = 0.33 and T = 0.25. The results are shown in Fig. 4 . From the figures, we find that the trend in the variation of the ratio is similar for both temperatures (i.e., the value decreases from the lower left corner to the upper right corner). It is also evident that (B * 2 ) es /(B * 2 ) ee tends to be larger (although the magnitudes of (B * 2 ) es and (B * 2 ) ee both decrease) at higher temperatures for a given point in the r − ε parameter space. These results indicate that the agent-guest bonding resulting in encapsulation decays more slowly than the agent-agent bonding with increasing temperature (over a reasonable range). Therefore, as the temperature goes up, the disintegration of agent shells becomes easier compared to the disappearance of encapsulation structures. Alternatively, at a higher temperature, the encapsulation mechanism is enhanced relative to the micellization of spheroids in the system. This behavior suggests that, for the system in which a further increase in the degree of encapsulation leads to a decrease in free energy, an optimization strategy employing thermal annealing may be useful to increase the number of agent-guest bonds and, hence, to promote encapsulation. In reality, a self-assembling system may become kinetically trapped in some (long-lasting) metastable states (i.e., local free energy minima on the free energy landscape) where the degree of encapsulation is low. Thus, thermal annealing (including heating and cooling treatments) can potentially provide the necessary impetus to escape from such local minima, thereby facilitating system equilibration. In summary, in view of the previous findings concerning the effect of the interaction range, we expect that the encapsulation structures formed by Janus spheroids and spheres are quite adaptive to the external environment factors, such as solution condition and temperature.
Effect of guest size
Given some understanding of the adaptation of the encapsulation system to environmental conditions, consider next the encapsulation properties of the Janus spheroids. More specifically, we wish to examine how the agent spheroids act upon guest spheres having different sizes and different affinities with the agent. Recalling the vesicle structure in Fig. 2(b) , the effective radius of the enclosed space is about 0.68 (for w = 0.2). Thus, one would expect that the "cage" formed by spheroids could contain an object whose radius is less than 0.68. However, what happens if the radius of the object exceeds 0.68? Would the spheroidal shell still contain the guest, perhaps by altering the packing of spheroids in the shell or by absorbing more spheroids to form a bigger shell?
To study the guest size effect, we vary the radius of sphere r from 0.1 to 1.0 for the guest particles in a system with T = 0.25, ρ e = 0.04, and number ratio between spheroids and spheres α = 16. Some typical equilibrium morphologies are shown in Fig. 5 . Interestingly, we find that for increasing sphere size, encapsulation becomes less complete and, in particular, the encapsulation efficiency decreases dramatically as r increases. It can be seen from the figures that for r = 0.3, 0.4, and 0.5 (Figs. 5(a)-5(c) ), the spheres are 100% encapsulated, while at r = 1.0 (Fig. 5(f) ), none of the spheres is fully covered (0% encapsulated).
One might conjecture that the low degree of encapsulation for large spheres is due to the lack of spheroids, since the total surface area of the spheres increases as the radius grows (∝r 2 ) while there are not enough spheroids to cover it. To investigate this possibility, we constructed a control group having more spheroids than spheres (α = 60). Typical morphologies for r = 0.8, 0.9, and 1.0 are shown in Fig. 6 . As is evident from Fig. 6(a) , the increase in α does affect the encapsulation. However, the encapsulation efficiency still decreases dramatically as the size of the encapsulated guest increases. Specifically, the degree of encapsulation is 50% for r = 0.8 in Fig. 6(a) , and still 0% for r = 1.0 (Fig. 6(c) ), as before (i.e., for the case in which α = 16). Moreover, for r = 1.0, rather than capturing the spheres fully inside, the spheroids form clusters by themselves and then attach to the spheres. Such behavior does not change even when adding more spheroids to the system. These results suggest that as the guest size increases, the encapsulation mechanism is suppressed such that the micellization of the spheroids becomes dominant. Recalling the results shown in Fig. 4 , one can find a hint for this trend.
Specifically, for ε = 0.6, the ratio of (B * 2 ) es /(B * 2 ) ee decreases as r increases. This indicates that, due to an enthalpic effect, the system has two regimes associated with the guest particle size r, namely, an encapsulation regime at small r and a micellization regime at large r. Also, there is an intermediate region in which the encapsulation becomes frustrated as the micellization mechanism is competitive. Thus, one would expect a reduction in encapsulation efficiency inside the intermediate region.
Moreover, from the clustering behavior of Janus particles in the gas-phase regime, one finds some dominant peaks in the cluster size distribution. 24, 31 For example, for Janus spheres, the most frequent clusters are micelles of size 10 and vesicles of size 40. 24, 25 This implies that Janus particles have preferred curvatures for packing. Furthermore, such curvatures dictate the inner cavity sizes of the shell structures. Therefore, for guest sizes greater than the cavity size, there is an attendant distortion that alters the free energy of the shell. Thus, if the decrease in potential energy associated with insertion of the guest does not compensate this difference in free energies, the preferred configuration is not encapsulation. Hence, with regard to the questions posed above, a cage formed spontaneously by the spheroids might be unable to accommodate oversized guests.
In assessing the potential for encapsulation, one must also consider entropic effects. For very small guest particles (such as r ≤ 0.1), confinement is not preferred as particles can lower the free energy of the system via the increase in entropy associated with sampling more of configuration space. Indeed, this reduction may offset, or even exceed, the change in potential energy associated with binding with agents, with the result that the encapsulation efficiency for this system with small guest particles is less than that for intermediate size guest particles. As a consequence, the encapsulation by Janus spheroids has a size selectivity range (having both an upper bound and a lower bound) based on the diameter of guest particles.
More specifically, one can identify several regimes that are dominated by entropic effects, encapsulation, frustrated encapsulation, and micellization, respectively, associated with the increase of guest particle size. From Fig. 6 , one would expect that the densities (activities) of agents and guests may shift the boundaries between those regions. Nevertheless, the trend remains the same. In general, the agents cannot encapsulate excessively large or small particles. Also, the encapsulation efficiency decreases in the frustrated encapsulation regime. This conclusion pertains to the case in which the interaction strengths between agents and guests are equal (u es = u ee = 1.0). In the next section, we assess the impact of the agentguest interaction.
Effect of agent-guest interaction strength
Now, we study the impact of the spheroid-sphere interaction strength, u es , on the encapsulation behavior. For this purpose, we sweep the parameter space of u es for different guest sizes, focusing specifically on the regime in which u es is not excessively large. In Fig. 7 , we show typical system configurations (ρ e = 0.04, α = 16) for two guest sizes, r = 0.4 and r = 0.6, for three interaction strengths, u es = 0.5, 1.5, and 2.0, respectively. From these results, we expect that, for particles with u es /u ee ≪ 1.0 (cf. Figs. 7(a) and 7(d)), encapsulation is frustrated regardless of sphere size. Instead, spheroids and spheres form separate clusters. On the other hand, for u es /u ee > 1.0, encapsulation is promoted (Fig. 7(e) and Fig. 5(d)) ; however, this promotion is not so significant as to negate the guest size effect (as one can see from Figs. 7(e) and 7(f)) in the range of interaction strength we consider here.
Moreover, from a comparison of Figs. 7(b) and 7(c), it is evident that monodisperse encapsulation can be facilitated by increasing u es , but for an appropriate guest size. This is also understandable, as a large u es facilitates the completion of the encapsulation shell and a complete shell shields both guest particle and shell agents from other particles. Nevertheless, for larger guests, the increase in u es may result in large cluster aggregates, since the frustration of encapsulation due to the size effect leads to open structures that still attract each other (Figs. 7(e) and 7(f)). From these results, we conclude that, in addition to guest-size selection, there is also a selectivity associated with the interaction strength (i.e., guests that have comparable or stronger interaction with the agents can be encapsulated). Moreover, monodisperse encapsulation is also achievable for this system. However, further investigation of the parameter space is necessary to identify a regime for optimal encapsulation.
To understand better the collective effect of encapsulation selectivity, we consider a simplified system in which there is only one guest sphere. We systematically vary the sphere size and agent-guest interaction strength in the system. In order to ensure there are enough encapsulating agents, we construct two sets of simulations, one with 30 Janus spheroids in the system and the other with 60. We find that 60 spheroids are enough to entrap the largest sphere (r = 1.0) considered here if encapsulation happens. We also vary the simulation cell size to check the impact of ρ e in the encapsulation process. As one would expect, if the sphere can be encapsulated in a system with small α and low ρ e , it can also be encapsulated for a larger α and ρ e . For each control group, we run 10 simulations, and at the conclusion, we determine whether or not the sphere is "fully" encapsulated by the spheroids for the configuration of the lowest potential energy. In Fig. 8 , we plot an encapsulation map that summarizes these results. (In this figure, a solid dot indicates that the guest sphere can be fully encapsulated, while the open dot indicates that it cannot.)
From the figure, we find that, for a single guest sphere with radius from 0.1 to 1.0, the selective encapsulation behavior (resulted from the competition between enthalpic and entropic effect) is quite consistent with the findings in the previous sections. More specifically, the micellization of spheroids dominates for u es ≤ 0.5 while encapsulation dominates for u es ≥ 1.5. In the intermediate regime, the role of guest size effect is manifest. That is, it is easier to encapsulate relatively small guests rather than relatively large ones. However, very small guests cannot be fully encapsulated due to entropy considerations. We note that while the guest cannot be "fully" encapsulated in this context, encapsulation may still occur in a system with many guest particles. In this case, the guests can be trapped by complex aggregates formed by small clusters of agents and guests, as is apparent in Fig. 6(a) . Nevertheless, the open dots in the encapsulation map suggest that the encapsulation efficiency is low for a system at such points in parameter space.
Finally, we conclude this section with some additional remarks about the particle interaction by considering two types of realistic systems. First, for the case in which the attraction inside the encapsulation system is mediated by depletion force, one finds, based on the Derjaguin approximation (assuming the system is in the colloid-limit regime), that the interaction strength is proportional to R e f f = R 1 R 2 /(R 1 + R 2 ), where R 1 and R 2 are the radii of curvature of the interacting objects at the point of closest approach. 40 As an estimate, for a spheroid in the interaction heads-on (i.e., patch orientations align along the center-to-center direction),
and R 2 = r for a sphere. Thus, the ratio of the spheroid-sphere and spheroid-spheroid interaction strengths in this scenario is 2r/(r + R 1 ), and hence varies from 0.22 to 1.09 for r = 0.1 to r = 1.0, respectively. Also, a ratio of 2.0 (the largest ratio we consider in the case study) is physically unachievable. Thus, one would expect that the selectivity of encapsulation in this system is significant, and that the window for encapsulation depends critically on both size selectivity and interaction strength.
For other cases in which the interaction between spheroid and sphere is much stronger than that between spheroids (i.e., the ratio is ≫1.0), the spheroid is tightly trapped by the sphere via the short-range attraction (large adsorption free energy). Hence, the upper boundary of the guest size for encapsulation-dominant regime is significantly raised and the guest size effect may even be overcome. Thus, as one might expect, full adsorption/encapsulation can result regardless of the guest's size and shape. This is similar to the case of (Pickering) emulsion systems where amphiphilic Janus particles functioning as stabilizers are absorbed at liquid-liquid interfaces. 41, 42 Nevertheless, one should note that this interfacial behavior of Janus particles and the selective encapsulation properties presented in this study apply in different regimes of interaction strength.
CONCLUSIONS
In summary, we have studied several properties of the encapsulation of guest particles by Janus oblate spheroids in a dilute system using Monte Carlo simulation. We find that, in general, encapsulation is quite adaptive to variations of the environmental conditions via changes in the particle interaction range as well as the system temperature. For both long-range and short-range interactions, the encapsulation of the isotropic spheres by the Janus spheroids can be quite effective. Based on the investigation of the temperature effect, we find that agent-guest bonding dominates agent-agent bonding with increasing temperature and, hence, an annealing strategy may optimize the encapsulation process (which is thermodynamically favorable). Moreover, by a systematic exploration of the parameter space of the guest size and the interaction strength, we observe two kinds of encapsulation selectivity given a sufficient number of agents, suggesting that the Janus oblate spheroid agent has a particular preference for the guest particles.
We have shown that, for a reasonable range of interaction strength (comparable to the agent-agent interaction), an agent does not trap small or large particles, leading to a low encapsulation efficiency. Our results are summarized in the form of an encapsulation map. These findings highlight the collective behavior of the agents, indicating that the agents are quite locked in when spontaneously forming shells. As a result, such shell structures are especially robust as there is a size selectivity associated with encapsulation. The agent activity only slightly affects this selectivity, and modest changes in the agent-guest interaction do not help in overcoming the guest size effect.
We note that the mathematical model and simulation methods presented here are quite transferable in general and may therefore be extended to study other systems with different types of particles and inter-particle interactions, etc. From these considerations, we speculate that the nature of selective encapsulation may not be unique to Janus spheroids, but may be quite general for other types of Janus particles as well as patchy particles. Therefore, particles that form dispersed capsules (micelles/vesicles) from self assembly could potentially be used as encapsulating agents as well. Furthermore, assuming that in the system the agent-guest interaction is not "overwhelmingly" stronger than the agent-agent interaction, selective encapsulation may also be possible. The substantiation of these conjectures, however, requires additional studies.
Finally, from a previous investigation, we have noted the correspondence between Janus prolate spheroids and amphiphilic lipid molecules. 30 Thus, another important encapsulation process performed by lipids can possibly be translated to a system of colloidal particles in which the length scale is different. Thus, encapsulation by Janus prolate spheroids may be an interesting subject for future work. However, such studies may require a more sophisticated potential model, such as one with an angle-dependent strength. 43 In summary, we believe that simulations can provide beneficial insight into practical encapsulation strategies via the construction of encapsulation maps, such as the one presented here. Such maps may guide selective encapsulation, a promising avenue for many practical applications. 
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